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  ABSTRACT 
De novo sequencing and analysis of Salvia hispanica transcriptome and identification of 
genes involved in the biosynthesis of secondary metabolites 
by James Wimberley 
 
Salvia hispanica L. (commonly known as chia) is gaining popularity worldwide and 
specially in US as a healthy oil and food supplement for human and animal consumption 
due to its favorable oil composition, and high protein, fiber, and antioxidant contents. 
Despite these benefits and its growing public demand, very limited gene sequence 
information is currently available in public databases. In this project, we generated 90 
million high quality 150 bp paired-end sequences from the chia leaf and root tissues. The 
sequences were de novo assembled into 103,367 contigs with average length of 1,445 bp. 
The resulted assembly represented 92.2% transcriptome completeness. Around 69% of the 
assembled contigs were annotated against the uniprot database and represented a diverse 
array of functional and biological categories. A total of 14,267 contigs showed significant 
expression difference between the leaf and root tissues, with 6,151 and 8,116 contigs up-
regulated in the leaf and root, respectively. The sequence data generated in this project will 
provide valuable resources for future functional genomic research in chia. With the 
availability of transcriptome sequences, it would be possible to identify genes involved in 
the important metabolic pathways that give chia its unique nutritional and medicinal 
properties. Finally, the generated data will contribute to the genetic improvement efforts of 
chia to better serve the public demand.  
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 1 Introduction 
1.1 Introduction 
Salvia hispanica L. (commonly known as chia) is an annual self-pollinated species that 
belongs to the mint family (Lamiaceae) and is native to central and southern Mexico and 
Guatemala [1]. S. hispanica has a long history of plant–human interaction. In pre-
Columbian Mesoamerica, the plant was a major commodity similar to bean, corn, and 
squash, and Aztecs valued its seeds for food, medicine, and oil [2]. The codices of 16th 
century Mexico provide a wealth of ethnobotanical information and indicate large areas of 
agricultural land were devoted exclusively to chia cultivation [2]. However after Spanish 
contact and colonization, the level of cultivation plummeted and the plant was largely 
overlooked as a food crop until its re-emergence as an alternative crop and a health food in 
the beginning of the 20th century [1]. S. hispanica grows up to three feet long and develops 
lush green foliage rich in essential oils before producing long purple or white flowers. 
These flowers develop to produce thousands of small (2 mm in length) highly nutritious 
edible seeds.  
Chia seed provides remarkably balanced and close to complete nutritional source with 
34.4% total dietary fiber, 31% total lipids, 16% protein, 5.8% moisture, and high amounts 
(335–860 mg/100 g) of calcium, phosphorus, potassium, and magnesium [1] [3] [4]. The 
oil content of chia seed (31%) is higher than that of other oilseeds of commercial 
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importance, such as soybean (24%) and cotton-seed (24%) [4]. The fatty acids of chia seed 
oil are highly unsaturated, with their main components being linolenic (50–57%) and 
linoleic (17–26%) fatty acids. This represents the highest known percentage of linolenic 
fatty acid of any plant source [5].  However, the leaf fatty acid has 60% more palmitic acid 
content compared to the seed but only 25% the concentration of α-Linolenic acid [6]. 
Besides fatty acids, chia leaves contain essential oils that have the potential for commercial 
uses in food flavoring and fragrance industry. The leaf oils also have antimicrobial 
properties and could be used as biopesticides to protect plants from pathogen and insect 
attacks. GC/MS analysis of the leaf oil composition from plants grown in southern 
California, southeastern Texas, and northwestern Argentina identified large number of 
components of which the most abundant were sesquiterpenes β-caryophyllene, globulol, γ-
muurolene, α-humulene, germacrene-B, and widdrol and the monoterpene β-pinene [7]. 
Similarly, thorough analysis of chia leaf oil constituents by Elshafie et al (2018) identified 
60 different sesquiterpenes, accounting for 84.5% of the oil [8]. The chia leaf oil 
sesquiterpenes were mostly represented by sesquiterpene hydrocarbons (53.9%) and 
oxygenated sesquiterpenes (30.6%). Some abundant sesquiterpene hydrocarbons include 
(Z)-caryophyllene (11.5%), (E)-caryophyllene (10.6%), α-humulene (4.8%), δ-amorphene 
(3.1%), and γ-gurjunene (3.1%). Oxygenated sesquiterpenes showed more uniform 
distribution with α-eudesmol (3.8%), caryophyllene oxide (2.7%), and spathulenol (2.2%) 
as the main representatives. Monoterpenes constitute the 0.4% of the oil. Phenolic 
compounds constitute 1.5% and oxygenated compounds constitute 5%. The metabolic 
profile of chia leaves also includes several flavonoids and hydroxycinnamic acids such as 
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apigenin and luteolin glycosides, aglycones quercetin methyl ether and naringenin, and 
quercetin and kaempoferol-based flavonoids [9].  
Despite its favorable nutritional qualities and the plethora of secondary metabolites that it 
synthesizes with potential uses in food and fragrance industries, only 62 S. hispanica 
expressed sequence tag (EST) sequences are publicly available in the NCBI nucleotide 
database. RNA sequencing (RNA-Seq) is a powerful tool that enables profiling the gene 
constituent of non-model species. The de novo sequencing and assembly of the 
transcriptome is the first step in gaining insights into the genes and molecular pathways 
underlying the different phenotypes in non-model plant species. 
In this study, we sequenced and assembled S. hispanica leaf and root transcriptome into 
103,367 contigs with an estimated 92.8% completeness. Functional and Gene Ontology 
(GO) analysis identified diverse gene categories represented in the assembled 
transcriptome. Differential gene expression analysis identified 6,151 and 8,116 contigs that 
had higher expression in S. hispanica leaf and root, respectively. Genes encoding some key 
enzymes involved in vitamin biosynthesis pathway were identified. The sequencing data 
generated in this study will provide valuable resource to better understand the molecular 
mechanisms underlying the desirable characteristics of S. hispanica and will contribute to 
future research aimed at further improvement of these characteristics.  
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 2 Methods 
2.1 Plant Materials 
Seeds of S. hispanica variety pinta was kindly provided by Dr. Joseph Cahill; Ventura 
Botanical Gardens. The seeds were germinated in Sunshine® All-Purpose potting mix and 
maintained in Conviron® growth chamber at 22°C with a 16-h light and 8-h dark 
photoperiod and 200 mol m-2 s-1 light intensity for two weeks. At four-leaf developmental 
stage, a pair of newly emerged leaves were harvested and immediately frozen in liquid 
nitrogen. Roots were washed thoroughly with tap water before harvesting. Tissues from 
six seedlings were combined together as one biological replicate. A total of three biological 
replicates were collected.  
2.2 RNA extraction, library construction and Illumina sequencing 
RNA was extracted from leaf and root tissues using TRIzol® (Invitrogen) according to 
manufacturer’s instructions. The RNA was further purified using Spectrum™ Plant Total 
RNA Kit (Sigma-Aldrich) and subjected to on-column DNase treatment. The RNA quality 
and quantity were assessed using Agilent 2100 Bioanalyzer (Agilent Technologies). 500 
ng total RNA was used for RNA-seq library preparation according to the protocol described 
by Kumar et al. (2012) [10]. Briefly, mRNA was isolated using oligo(dT) coated magnetic 
beads (Invitrogen) and treated with DNase followed by first and second strand cDNA 
 
5 
synthesis. The cDNA was fragmented using divalent cations and enriched for fragments 
around 300 bp. Finally, custom barcoded adaptors were ligated to the fragments followed 
by 10 cycles of PCR enrichment of the library products. The barcoded libraries were pooled 
together and subjected to 150 bp paired-end sequencing on Illumina HiSeq4000 machine 
[11].  
2.3 Bioinformatic analysis 
From the raw sequences, the adaptors and low quality bases were trimmed using 
Trimmomatic version 0.36 with 100 bp minimum length cutoff [12]. The remaining high 
quality reads were de novo assembled using Trinity version 2.5.1 [13]. The assembled 
contigs were clustered using the CD-HIT-EST program with 90% identity threshold [14] 
and the longest representative sequence in each cluster was selected using a custom python 
script. The completeness of the assembly was evaluated by Benchmarking Universal 
Single-Copy Orthologs (BUSCO) [15] using the embryophyta_odb9 database containing 
1440 BUSCO categories. The contigs were annotated using the uniprot database [16], in 
addition to Arabidopsis [17] and tomato [18] protein sequences using DIAMOND [19] 
version 0.9.22. Gene Ontology (GO) annotation was performed using AgBase version 2.0 
[20] and GO enrichment analysis was conducted using the PANTHER version 11 with 
conservative Bonferroni correction for multiple testing [21]. The RNA-seq reads were 
mapped against the de novo transcriptome assembly using Salmon version 0.8.1 [22] and 
differential gene expression analysis was performed using the generalized linear model 
(glm) functionality of the edgeR package [23]. Contigs with at least two-fold expression 
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difference and False Discovery Rate (FDR) < 0.01 were considered differentially 
expressed.  
2.4 Clustering 
The differentially expressed contigs (DECs) were hierarchically clustered into 30 groups 
by expression similarity using the hclust function of the stats package version 3.6.0 [24]. 
The clustering was done using the complete method, which considers the largest value of 
dissimilarities between clusters. The package dendextend version 1.9.0 [25] was used to 
plot a dendrogram demonstrating members which are similar in a subgroup, and members 
which are dissimilar and in distinct clusters. The results were then put through log 
transformation and displayed with a heatmap, using the gplots package [26] version 3.0.1.   
2.5 Phylogenetic analysis 
The phylogenetic relationship among 37 plant species from seven families was assessed 
using the chloroplast Maturase K (matK) gene. The protein sequences of the MatK gene 
were downloaded from the Genebank non redundant protein database. The sequences were 
aligned using the ClustalW program [27] and phylogenetic tree was constructed using 
Phylogeny.fr [28] using the maximum likelihood method with 1000 Bootstrap replicates. 
2.6 cDNA synthesis & qPCR analysis 
Total RNA was extracted from frozen leaf and root samples and DNase treated as described 
above. cDNA was prepared from 100 ng total RNA using Superscript III first strand cDNA 
synthesis kit (Invitrogen USA). qPCR Primers were designed using the online Primer 3 
software [29]. The housekeeping genes Serine/threonine-protein phosphatase 2A (PP2A) 
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and Cyclophilin (CYP) were used as internal controls to normalize the data [30]. Three 
biological replicates were used. qPCR was run on the Bio-Rad CFX96 machine using the 
following conditions: 95 °C for 5 min, followed by 40 cycles of 95 °C for 20 sec and 60 °C 
for 1 min. The fold change in gene expression levels was calculated using the 2−∆∆CT 
method [31]. 
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 3 Result and Discussion 
3.1 Sequencing and de novo assembly 
To obtain an overview of the S. hispanica transcriptome, RNA-Seq libraries were prepared 
from leaf and root tissues of two week old seedlings. A total of 230 million high quality 
150 bp paired-end reads were generated. The reads were de novo assembled into 333,889 
contigs greater than 300 bp. The number of contigs assembled is considerably higher than 
the number of protein-coding genes in well studied plants with similar size genomes such 
as Arabidopsis (35,386), Medicago truncatula (62,319), Ananas comosus (27,024), and 
Populus trichocarpa (73,013) [32], suggesting transcript redundancy. Unlike genome-
guided assemblers, the currently available de novo assembly programs are known to 
generate high level of redundancy. Among the contributors of this redundancy are the 
sequencing errors and single nucleotide polymorphisms (SNPs) which create mismatches. 
Accordingly, redundant sequences get generated as the assembly programs fail to 
consolidate highly similar sequences. This fact is exacerbated with increasing the number 
of reads used in the transcriptome assembly [33]. To assess the completeness of our 
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transcriptome and the level of redundancy, BUSCO analysis was performed which 
revealed a completeness score of 92.8% (Figure 1).  
 
Figure 1: Results of the initial BUSCO analysis of the contigs 
This indicates that most of the core gene set is present in our assembly, suggesting a high 
quality assembly. However, as anticipated, high level (88.8%) redundancy was evident. 
The redundant sequences in our initial assembly were consolidated using the CD-HIT-EST 
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program, which resulted in 103,367 contigs and reduced the redundancy to 42% while 
maintaining BUSCO completeness score of 92.2% (Figure 2).  
 
Figure 2: Comparison of the two BUSCO analyses; before and after CD-HIT 
The remaining redundancy could be attributed to the heterogeneity of the S. hispanica 
genotype sequenced in this study, in addition to sequencing and assembly errors. Around 
53% of the assembled contigs had length distribution between 300 and 1000 base pairs (bp) 
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(Figure 3), with N50 equal to 2330 bp and maximum transcript size of 26,500 bp (Table 
1). 
 
Figure 3: The length distribution of the contigs after CD-HIT consolidation 
 
Table 1: Statistics of our assembly 
Total Number of Contigs 103,367 
Mean Length of Contigs 1,445 
N50 Length of Contigs 2,330 
Maximum Length of Contigs 26,781 
 
3.2 Annotation and phylogenetic analysis 
Based on Blastx analysis, 69% of the assembled contigs were annotated against the uniprot 
database with an E-value cut-off of 1e-3. Among these results, 211 contigs matched to non-
plant species and were filtered out, leaving a total of 71,401 S. hispanica contigs matching 
to 30,628 unique sequences of plant origin in the Uniprot database. According to the 
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species distribution, a total of 102 plant genera showed homology to at least 10 S. hispanica 
sequences. The top 10 species belonged to orders Lamiales, Solanales, Gentianales, and 
Ericales (Figure 4). 
 
Figure 4: Species distribution of the sequences that our contigs matched to 
 Phylogenetic analysis was conducted using the maximum-likelihood method based on the 
chloroplast Maturase K (matK) gene, which has been widely used in plant analysis at 
family and genus level [34]. S. hispanica (family Lamiaceae) grouped with families 
Solanaceae and Rubiaceae (Figure 5), consistent with the top species showing homology 
to S. hispanica contigs.  
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Figure 5: Phylogenetic tree showing the similarity of other species to the S. 
hispanica 
The assembled transcripts were further annotated using Gene Ontology (GO) [35] and 
KEGG [36] databases. Diverse set of GO terms are represented in the assembled 
transcriptome (Figure 6). The biosynthetic, cellular protein modification, and cellular 
nitrogen compound metabolic processes are the top three representative terms within the 
Biological Process category. Ion binding is the top term in the Molecular Function category 
followed by Kinase and Oxidoreductase activities and DNA binding. The top three terms 
in the Cellular Component category are intracellular, nucleus, and cell. 
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Figure 6: Diverse set of GO terms based on the annotations of our assembly 
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3.3 Differential gene expression and enrichment analysis 
The leaf and root RNA-Seq reads were independently mapped against the assembled 
contigs and differential expression analysis was performed using the edgeR package [23] 
version 3.8.  A total of 14,267 contigs showed significant difference (fold change >= 2; 
FDR < 0.01) in expression, among which 6,151 and 8,116 contigs were up-regulated in the 
leaf and root, respectively. Enrichment analysis of the differentially expressed contigs 
(DECs) and comparison between leaf and root tissues identified diverse and non-
overlapping GO terms (Figure 7). Overall, fold enrichment of the GO terms was higher in 
the leaf compared to the root.  
 
Figure 7: Gene Ontology enrichment analysis. Length of bars represent the 
fold enrichment and is also shown next to the bars.   
For ease of visualization, a heatmap was generated based on hierarchical clustering of the 
DECs according to their expression levels (Figure 8). The leaf specific cluster 28 was 
enriched for lignin metabolic process, while the root specific cluster 16 was enriched for 
photosynthesis (Figure 9).    
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Figure 8: Dendrogram of contigs clustered by similarity, grouped into 30 
clusters with heatmap demonstrating the expression 
 
Figure 9: Clusters 16 and 28 from Figure 8 
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